COVAS, M-I., R. ELOSUA, M. FITÓ , M. ALCÁ NTARA, L. COCA, and J. MARRUGAT. Relationship between physical activity and oxidative stress biomarkers in women. Med. Sci. Sports Exerc., Vol. 34, No. 5, pp. 814 -819, 2002. Purpose: To examine the relationship between physical activity and levels of plasma lipid peroxides, superoxide dismutase in erythrocytes (SOD), and glutathione peroxidase (GSH-Px) in whole blood activities. Methods: Cross-sectional study in 488 Spanish women. Two categories of leisure time physical activity were defined according to their intensity: low (Յ6 METs) and high (Ͼ6 METs). Energy expenditure in household activities was also recorded. Multivariate linear regression analyses were used to adjust for the effect of physical activity on lipid peroxides and SOD and GSH-Px for confounding variables. Results: The amount of leisure time physical activity was associated with high activity levels of SOD (P ϭ 0.022) and GSH-Px (P ϭ 0.002). Similar results were obtained when physical activity in household activities was added to total leisure physical activity. Physical activity of low intensity was associated with high SOD activity levels (P ϭ 0.002) and that of high intensity with high GSH-Px activity levels (P ϭ 0.001). Conclusion: The amount and intensity of leisure physical activity were directly related to both antioxidant enzyme activity levels. The findings of this study suggest a modulatory effect of leisure physical activity intensity on antioxidative balance in the studied female population.
O xidative stress produced by free radicals has been linked to the development of several diseases, such as atherosclerosis, cancer, and neurodegenerative diseases (22, 32) . These free radicals include superoxide anion, hydroxyl radical, hydrogen peroxide, hypochlorous acid, and peroxynitrites (10) . The biological oxidative effects of free radicals on lipids, DNA, and proteins are controlled by a wide spectrum of exogenous antioxidant mechanisms, such as vitamins E and C, carotenoids, and phenolic compounds in the diet, and also by endogenous antioxidants, such as the scavenger enzymes superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) (10) . The balance between free-radical generation and antioxidant activity is critical to the pathogenesis of oxidative stress-related disorders (10, 22, 32) . The protective scavenging function against superoxide is provided mainly by SOD, which operates primarily within cells and in extracellular matrices. SOD catalyzes dismutation of the superoxide anion (O * 2 ) into hydrogen peroxide (H 2 O 2 ). GSH-Px, a selenium-containing enzyme requiring glutathione, detoxifies H 2 O 2 and converts lipid hydroperoxides to nontoxic alcohols (10) .
Coronary heart disease (CHD) is the main individual cause of mortality in industrialized countries. Oxidation of lipids of low-density lipoprotein (LDL) is a hallmark for atherosclerosis and CHD development (32) . High levels of lipid peroxidation are present in patients with coronary artery disease (11) and other oxidative-stress-associated disorders (23, 26, 35) . On the other hand, high levels of SOD and GSH-Px confer protection against free-radical production. Overexpression of intracellular SOD (29) and GSH-Px (33) in transgenic animal models has shown to prevent postischemic free-radical injury and to inhibit LDL oxidation by endothelial cells (8) . Low levels of intracellular SOD and GSH-Px have been reported in diseases associated with oxidative stress such as coronary artery disease (1), diabetes mellitus (23) , neoplasia (35) , glomerular diseases (26) , and aging brain disorders (6) . Low levels of extracellular SOD have shown to be independently associated with a history of acute myocardial infarction in patients with CHD (30) .
Several lifestyle factors such as physical activity (PA) (14, 25) , cigarette smoking (2,9,15), alcohol consumption (11), and vitamin supplementation (2) have been related to lipid peroxidation and antioxidant enzyme levels. However, there are no data in large female population studies on the relationship of physical activity with the oxidative/antioxidative status. The aim of this study was to explore whether lipid peroxides and SOD and GSH-Px levels were associated with the amount and intensity of energy expenditure in PA in a Spanish female population. the association of the amount and intensity of PA with cardiovascular risk factors in women. The MARATDON study is a cross-sectional study with a quota sampling frame, two strata according to PA practice: Յ 300 METs·min·d Ϫ1 (sedentary and active women) and Ͼ 300 METs·min·d Ϫ1 (very active women), and two strata according to age: 18 -40 and 41-60 yr, were defined. The aim of this sampling was to obtain a wide range of PA practice. A general advertisement of the MAR-ATDON study was made in health fitness centers, social clubs, and newspapers. Respondents were women who telephoned our Research Unit asking to participate in the study. Subjects with previous history of neoplasia, cardiovascular disease, diabetes mellitus, dyslipemia, physical disability, chronic respiratory disease, thyroid disease, or mental disorders were excluded, as well as those with an abnormal basal electrocardiogram, an abnormal effort electrocardiogram, a body mass index (BMI) (weight (kg)/height (m 2 )) over 35, alcohol consumption greater than 60 g·d Ϫ1 , illicit drug use, or long-term medication use, including mineral or vitamin supplements or regular acetylsalicylic acid intake. Other exclusion criteria were oral contraceptives and estrogen menopausal therapies in the previous 3 months before their inclusion in the study. On the basis of the exclusion criteria mentioned above, 9.7% of the women were excluded from the study. The study was developed in accordance with the Helsinki Declaration of 1975, as revised in 1989. The local ethical committee CEIC-IMAS approved the protocol and all participants signed an informed consent document.
Physical activity assessment. The amount and intensity of PA performed during the previous year was assessed by the Minnesota Leisure Time Physical Activity Questionnaire. This questionnaire has been described elsewhere (24) and has been validated for use among Spanish women (7) . Briefly, the questionnaire is administered by a trained interviewer, participants are asked to mark out of a list of 64 suggested PAs those they undertook during the past year. The interviewer spends an average of 20 min per individual collecting detailed information on the marked activities. Each PA has an intensity code with values ranging from 2 to 12 MET. The code is based on the ratio between the body's metabolic rate during the PA and the basal metabolic rate (BMR). A score reflecting total energy expenditure in leisure time physical activity (total leisure EEPA) is obtained by questionnaire. Some authors have made the assumption that a 1MET is approximately equivalent to 1 kcal·min Ϫ1 for a 70-kg man. To avoid assumptions regarding the relation of caloric expenditure to body size, the unit used to quantify the amount of PA is MET-min·d , as suggested by Jacobs et al. (12) . In the present study, according to their intensity code, two leisure time physical activity categories were examined: low (lower than or equal to 6 METs) and high (greater than 6 METs). Thus, for each particular woman:
Total leisure EEPA ϭ Low intensity EEPA ϩ High intensity EEPA The energy expenditure in household activities (household EEPA) was also recorded.
Smoking assessment. Four categories of current smoking status were considered: nonsmoker; 1-9 cigarettes·d Ϫ1 (cig·d Ϫ1 ), 10 -19 cig·d Ϫ1 , and Ͼ19 ·d
Ϫ1
. On other hand, and in order to investigate the influence of smoking in the past, a woman was considered to be a smoker if she had regularly smoked Ն5 cig·d Ϫ1 for at least the previous 3 months or had stopped smoking for Ͻ 1 yr. Women who had stopped smoking for Ն1 yr were classified as ex-smokers. Women who had never smoked were considered as nonsmokers. The lifetime smoking dose was calculated by multiplying the mean number of cigarettes smoked daily by the number of years of smoking.
Other assessments. Alcohol consumption and family history of CHD were assessed by questionnaire. An easy calibration precision scale was used for weight measurement. Individuals wore underwear. Height was also measured. BMI was determined as weight divided by squared height (kg·m Ϫ2 ). Age and menopausal status were recorded. Blood pressure levels were recorded twice by a calibrated mercury sphygmomanometer with the subject in the sitting position after 5 min rest and smoking abstinence, the mean value was calculated and used.
Laboratory procedures. Participants were asked to fast for 10 -14 h before blood sampling. Blood samples were obtained, before 10:00 a.m., in the midluteal phase of the menstrual cycle. Serum, whole blood, and washed erythrocytes were frozen at Ϫ80°C. All samples were drawn at least 24 h after the last time a participant had exercised. SOD in erythrocytes and whole-blood GSH-Px activity levels were measured as previously described (5) and expressed as U·g Ϫ1 of hemoglobin (Hb) (U·g Ϫ1 of Hb). Enzyme activities were measured in a Cobas Mira Plus analyzer (Hoffman-La Roche, Basel, Switzerland) at 37°C. GSH-Px activity was measured using cumene hydroperoxide as oxidant of glutathione (Ransel RS 505, Randox Laboratories, Crumlin, UK). SOD activity in erythrocytes was measured using the rate of inhibition of 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenytetrazolium chloride reduction (Ransel RS 125, Randox Laboratories). Hb concentration was determined with a Sysmex K1000 hematological analyzer (Toa Electronics, Kobe, Japan). Intra-run imprecision was 3.6% and 4.74% for GSH-Px and SOD, respectively. Between-run imprecision was 5.43% and 5.64% for GSH-Px and SOD, respectively. Lipid peroxidation in serum was measured by the thiobarbituric acid reactive substances test (TBARS) (27) in an available subsample of 294 female subjects. Lipid peroxides were assessed as the generation of malondialdehyde equivalents. The method involves heating the sample with thiobarbituric acid under acidic conditions and reading the absorbance of the malondialdehyde-thiobarbituric acid adduct formed at 532 nm. 1,1,3,3-tetraethoxypropane (Sigma, St. Louis, MO) was used as a standard. Lipid peroxides were adjusted by triglyceride values. Values were expressed in mol·L
. Intra-run and between-run imprecision were 4.24% and 6.87%, respectively. Serum glucose, total cholesterol, and triglyceride levels were measured by standard enzymatic methods. High-density lipoprotein (HDL) cholesterol (HDL-C) was measured by precipitating ApoB containing lipoproteins with phosphotungsic-Mg ϩϩ and measuring the supernatant as cholesterol. LDL cholesterol (LDL-C) was calculated by means of Friedewald equation.
Statistical analysis. Student's t-test for independent samples was used for comparisons between two groups. Oneway analysis of variance (ANOVA) followed by Tukey's test was used for simultaneous, multiple comparisons between groups. Bivariate associations between continuous variables were assessed by linear regression analysis or Spearman's correlation test. Logarithmic transformation was required to normalize the distribution of lipid peroxide levels. Multiple linear regression analyses were performed to assess the association between PA and SOD, GSH-Px, and lipid peroxides, adjusting for confounding variables. The following assumptions were tested on residuals for linear regression: linearity, equality of variance, independence of error, and normality. A plot of the residuals was also examined to detect and investigate outliers. Calculations were performed with SPSS (SSPS Inc, Chicago, IL) statistical package. The level of significance was established at P Ͻ 0.05.
RESULTS
A total of 488 women were finally included in the present study. The average age was 40 yr (range 19 -60). Mean and median values and distribution of lipid parameters were within the range expected for normal values. Physical activity and oxidative stress markers levels in the MARAT-DON population are presented in Table 1 . The number of individuals in each quartile (Q) of total leisure EEPA was 123, 122, 121, and 122 for Q1, Q2, Q3, and Q4 respectively.
Many of the covariates shown in Table 2 have been found to be related to lipid peroxides or antioxidant enzyme levels (13, 15 ). An increase in lipid peroxide levels and a decrease in both enzyme activity levels were related to the current number of cigarettes/day smoked ( Table 2 ). When women were grouped according to their history of smoking, nonsmokers had the highest E-SOD and GSH-Px levels, and current smokers the lowest (P Ͻ 0.05); the opposite was observed in lipid peroxide levels but without reaching significance (data not shown). Ex-smokers and nonsmokers had similar lipid peroxides and antioxidant enzyme levels. Lipid peroxide and antioxidant enzyme levels were unrelated to the lifetime smoking dose in both the whole population and in the group of smokers. As shown in Table 2 , women with BMI Ն 26 had high SOD levels, and those with family history of CHD low GSH-Px levels. When bivariate associations were performed with age, BMI, and alcohol consumption as continuous variables, only BMI was weakly associated with SOD levels (r ϭ 0.104, P ϭ 0.036). No association was obtained between systolic or diastolic blood pressure with lipid peroxide levels or antioxidant enzyme activities. As shown in Table 3 , a trend to high levels of antioxidant enzymes was observed at high levels of total leisure EEPA according to quartiles of the distribution. EEPA of low intensity appeared related to high SOD levels, and EEPA of high intensity related to high GSH-Px levels. Lipid peroxide levels were not related to the amount or intensity of EEPA. When EEPA expended in household activities was added to total leisure EEPA, the direct association between EEPA and SOD (P ϭ 0.026) and GSH-Px (P ϭ 0.042) levels reached statistical significance. When EEPA expended in household activities was examined alone, only a trend to high levels of SOD (P ϭ 0.128) at high level of household EEPA was observed.
Results of Spearman's correlations and multiple linear regression analyses are shown in Table 4 . After adjustment for age, BMI, smoking habits, and family history of CHD, a direct association was observed between total leisure EEPA and SOD and GSH-Px activity levels. These associations did not change when household physical activities were added to total leisure EEPA. Low-intensity EEPA (Յ6 METs) was directly associated with SOD levels, whereas GSH-Px levels were directly associated with high-intensity EEPA (Ͼ6 METs). No associations were obtained between lipid peroxides and the evaluated categories of EEPA (Table  4) . Household EEPA alone was not significantly associated with SOD and GSH-Px activity levels.
Smoking habits remained strongly related to a decrease of antioxidant enzymes (P Ͻ 0.005) and also with an increase in lipid peroxidation (P Ͻ 0.05). A mild positive correlation was observed between both antioxidant enzymes (r ϭ 0.16, P ϭ 0.002). A negative association was found between lipid peroxides and SOD (r ϭ Ϫ0.317, P ϭ 0.001) and GSH-Px levels (r ϭ Ϫ0.247, P ϭ 0.011). We examined the results of fitting additional models like those shown in Table 4 . Multiple regression models, which included lipid peroxides and SOD and GSH-Px as covariates, gave similar results to those shown. In these models, lipid peroxide levels were strongly related to antioxidant enzymes. Models for lipid peroxides, which include lipid parameters (total cholesterol, HDL-cholesterol and triglycerides), also gave similar results to those shown in Table 4 .
DISCUSSION
This is the first study in a large female population in which associations of lipid peroxides and SOD and GSH-Px activities with the amount and intensity of PA have been evaluated. Low levels of an antioxidant enzyme may result from reduced production of the enzyme or by inactivation related to their interaction with free radicals. On the other hand, free-radical production also induces the antioxidant enzyme activity. Induction of SOD and GSH-Px activity has been proposed as the mechanism by which preconditioning exerts protection in myocardial infarction (34) . One of the main targets for free radicals is lipid molecules. In this study, we measured lipid peroxides as a marker of oxidative stress in a subsample of the population. In our female population, low antioxidant enzyme levels were associated with an increase of lipid peroxidation. However, one limitation of the study was failing to measure other factors that could affect lipid peroxidation (i.e., plasma fatty acids or exogenous antioxidants, such as ␣-tocopherol). Thus, no adjustment for this potential confounding variables was possible. SOD (N ϭ 453) , GSH-Px (N ϭ 428), and lipid peroxide (LP) (N ϭ 294) levels according to quartiles of EEPA in Spanish women. EEPA, energy expenditure in physical activity; Total leisure, total EEPA in leisure time; low intensity, EEPA with an intensity Յ6 METs; high intensity, EEPA with an intensity Ͼ6 METs; total leisure ϩ household, EEPA in leisure time and household activities; SOD, superoxide dismutase in erythrocytes; GSH-Px, glutathione peroxidase in whole blood. * P trend by ANOVA. † P Ͻ 0.02 and ‡ P Ͻ 0.05 vs Q4; # P Ͻ 0.05 vs Q3 and Q4 (post-hoc Tukey's test). EEPA, energy expenditure in physical activity; total leisure, total EEPA in leisure time; low intensity, EEPA with an intensity Յ6 METs; high intensity, EEPA with an intensity Ͼ6 METs; total leisure ϩ household, EEPA in leisure time and household activities; SOD, superoxide dismutase in erythrocytes; GSH-Px, glutathione peroxidase in whole blood; ␤, linear regression coefficient; SE (␤), standard error of the linear regression coefficient. * Multiple regressions were fitted as antioxidant enzymes and lipid peroxides (ln) as the dependent variable and total EEPA and EEPA of different intensities and other covariates as the independent variables. The covariates included in all the regression models were current smoking habits (four categories as shown in Table 2 ), family history of CHD (two categories), age (continuous), and body mass index (continuous). Units for ␤ are change per 100 MET-min⅐d Ϫ1 in EEPA.
EEPA Quartile
In this study, the amount of regular physical activity was found to be associated with high SOD and GSH-Px levels. In organs, such as skeletal muscle, heart, and liver, antioxidant defenses appear to be modulated by PA by enhancing the activity of antioxidant enzymes with the moderate-intensity endurance training (19, 20) . An increase in free-radical generation, lipid peroxidation and oxidized glutathione has been observed after exhaustive exercise (19) . On the other hand, exercise training has been shown to reduce oxidized LDL levels (28) , and high levels of SOD and GSH-Px activities have been observed in trained individuals (25) . The intensity and frequency of PA practice may be the key to the balance between free-radical generation and antioxidant enzymes induction. In this study, PA of low intensity was associated with an increase in SOD and PA of high intensity with an increase in GSH-Px levels. These PA intensities of physical activity could generate free-radical levels, which in turn would stimulate antioxidant metabolic pathways. These pathways may maintain a favorable balance between free-radical generation and antioxidant defenses.
The fact that PA of low intensity was associated with high SOD activity levels, and PA of high intensity with GSH-Px activity levels, could be explained by the metabolic interrelationships between both enzymes. SOD rapidly promotes the dismutation of the superoxide anion into H 2 O 2 and oxygen. H 2 O 2 can be destroyed by two enzymes, GSH-Px, and catalase (10) . In intact erythrocytes, SOD is irreversibly inactivated by its product H 2 O 2 (21), which in turn induces GSH-Px activity (3). Therefore, we could hypothesize that PA of low intensity enhances SOD activity, but levels of H 2 O 2 produced could be neutralized by both GSH-Px and catalase, and thus be not high enough to induce GSH-Px activity and so reduce SOD enhancement. PA of high intensity could generate levels of H 2 O 2 , which, despite the action of catalase, are capable of inducing GSH-Px and so compensating an initial SOD enhancement. We have not observed associations between the amount or intensity of PA and lipid peroxide levels. It is known that the nature and amount of lipoproteins strongly influences the peroxide formation by free radicals in lipids. In our study, the effect of PA on lipid peroxide levels did not change after inclusion of plasma lipids as covariates in the multiple regression model. The high antioxidant SOD levels associated with low EEPA intensities could be one of the mechanisms, which may explain the beneficial effect of brisk walking on the risk of coronary events in women. In a recent study (13) , walking and vigorous exercise were associated with substantial and similar reductions in the incidence of coronary events among women.
Energy expenditure in household activities has been reported to be an average of 82% of women's total PA, explaining the main part of the inverse association between PA and risk of death in a large Canadian female population (31) . In our study, with a quota sampling frame, and designed to obtain a wide range of PA practice, PA in household activities represented, on average, 36.9% of women's total PA. However, as reflected by the lack of change in correlation coefficients after removing energy expenditure in household activity from total PA (total leisure ϩ household), PA in household activities was not an important contributor in the relationship between PA and antioxidant enzyme levels obtained in this study. These relationships were mainly due to leisure energy expenditure. The high variability of PA in household activities in our population, and the low reliability in collecting this activities by questionnaire, could account for the lack of contribution of this type of PA to the relationship between PA and antioxidant enzymes observed in our female population.
Smoking was directly associated with lipid peroxide levels and inversely associated with both antioxidant enzymes. Tobacco consumption has been previously associated with high lipid peroxidation (15) and with low SOD and GSH-Px activities (2, 30) . From our results, the effect of smoking on lipid peroxide levels, SOD, and GSH-Px activities is more linked to current consumption of tobacco and to the number of cigarettes/day consumed than to the previous smoking habit. This fact supports the idea that the effect of tobacco consumption on oxidative stress is an acute effect with a dose-response relationship. Inhaled superoxide or nitric oxide produced by cigarette smoking may increase lipid peroxidation and decrease the antioxidant enzyme levels (18) .
In pre-aging (4) and elderly (16) populations, an increase in lipid peroxide levels with age has been reported. Controversial results have been obtained concerning the association between antioxidant enzyme levels and age in literature (2,9). Guemori et al. (9) in a population of British women established a cut off point at 65 yr for a decrease of SOD and GSH-Px levels. In our female population, aged 18 -60, age was not significantly associated with lipid peroxidation or antioxidant enzyme levels. The positive association obtained between SOD and BMI disappeared after adjusting for other related variables. We did not observe associations between systolic or diastolic blood pressure and lipid peroxides or antioxidant enzymes. Depressed levels of SOD and GSH-Px activities (17) and high lipid peroxide levels (4) have been described in hypertensive patients, but the percentage of hypertensive individuals in our female population (9%) was probably too low to establish differences between hypertensive and nonhypertensive individuals.
In summary, we observed a direct relationship between the amount and intensity of regular leisure PA and endogenous antioxidant enzymes. PA of low intensity was associated with high SOD levels and PA of high intensity with high GSH-Px levels. Our results suggest a modulatory effect of leisure PA intensity on antioxidative balance in the studied Spanish female population.
